• Anterior temporal lobe morphometry correlates with categorization performances • Semantic is associated with a more rostral temporal region than shape categorization
Introduction
Categorization is the mental operation by which the brain classifies objects and events. The ability to categorize information has an impact in virtually all domains of cognition and behavior, from learning (children learn new concepts by categorizing items that look similar or have similar properties) to survival (to recognize an animal as dangerous, primates need to categorize it as similar to a previously encountered dangerous animal).
The evaluation of categorization abilities relies on various tests, including semantic and visual categorization tests. Semantic categorization abilities are usually assessed by matching tests based on taxonomic or thematic categorization, such as the Pyramid and Palm Tree Test (PPT test) (Howard and Patterson 1992) , and by the production of the relevant abstract category as in the similarities subtest of the Wechsler Intelligence Adult Scale (WAIS) (Wechsler 2008) .
Categorization abilities can also be assessed by sorting tests such as the Delis-Kaplan Executive Function (D-KEFS) sorting test (Delis et al. 2001 ) and the Wisconsin Card Sorting Test (WCST) (Milner 1963) , that use semantic and/or visuoperceptual material. All of these tests but the WAIS are designed to screen and detect deficits in patients. However, normative studies focused on these tests show inter-individual variability in healthy subjects' performances with a relative standard deviation (i.e. rSD = standard deviation/mean) of 4%-12% in the PPT test (Howard and Patterson 1992; Rami et al. 2008; Klein and Buchanan 2009; Gamboz et al. 2009; Callahan et al. 2010) , an rSD of 25%-45% in the similarities subtest of the WAIS (Wechsler 2008; Wisdom et al. 2012; Harrison et al. 2014) , an rSD of 20%-40% in the D-KEFS sorting test (Delis et al. 2001; Homack et al. 2005; Mattioli et al. 2014) , and an rSD of 20%-60% in the number of categories found in the WCST (Caffarra et al. 2004; Shan et al. 2008; Arango-Lasprilla et al. 2015) . Whether this inter-individual variability in categorization tasks is related to variability in brain structure remains unknown.
Functional neuroimaging studies in healthy subjects, as well as electrophysiological studies in primates, have shown the involvement of various brain regions in categorization tasks. For instance, the ventrolateral prefrontal cortex (PFC) (Vogels et al. 2002; Grossman et al. 2002; Koenig et al. 2005; Milton et al. 2009 ), the lateral and/or inferior temporal cortices (Gerlach et al. 2000; Sigala and Logothetis 2002; Pernet et al. 2005) , or both frontal and temporal cortices (Tyler et al. 2001; Devlin et al. 2002; Adams and Janata 2002; Pilgrim et al. 2002; Reber et al. 2002; Pernet et al. 2004; Sass et al. 2009; Visser et al. 2012 ) are involved during semantic and visuoperceptual categorization tasks. Some authors used distinct task instructions to explore executive control processes separately from bottom-up access to visuoperceptual and semantic representations (Koenig et al. 2005; Milton et al. 2009; Garcin et al. 2012) . For instance, Garcin et al used matching and non-matching sorting tasks and showed that BOLD signal was higher in the ventrolateral PFC for the matching than the nonmatching tasks suggesting that matching involves more control processes than non-matching (Garcin et al. 2012) . All these studies examined the regions activated during categorization, without assessing the relationship between brain structural variability and categorization abilities.
Regarding brain structure, the exact shape of every human brain is unique, resulting in interindividual anatomical variability (Mazziotta et al. 1995; Uylings et al. 2005; Fischl et al. 2008) , but whether inter-individual variability can affect or predict individual categorization performance is unknown. We hypothesized that structural variations in the regions classically observed in functional imaging (the lateral prefrontal cortex and the lateral and inferior temporal cortices) may be related to subjects' performance in categorization. To address this question, we performed a voxel-based morphometry (VBM) study in healthy subjects using a sorting test adapted from the PPT test (Howard and Patterson 1992) that allowed us to assess separately semantic and visuoperceptual categorization in matching and non-matching conditions.
Materials and methods

Participants
Fifty right-handed native French speakers (25 females; age 22-71 years, mean = 47±14.3 years) participated in the study. A large age range was chosen to represent the diversity of the general population. All participants were healthy adults with no history of neurological or psychiatric disorders and no abnormalities were revealed on their structural MRI. Participants had an average of 15.4±3.0 years of education (range, 10-26) . They had no cognitive impairment as assessed with the Mini Mental State Examination (Folstein et al. 1975 ) and the Frontal Assessment Battery (Dubois et al. 2000) . They all underwent a French verbal semantic matching test adapted from the word-written version of the PPT test (Merck et al. 2011 ) and showed no impairment. The experiment was approved by the local ethics committee. All participants provided written informed consent and were paid for their participation.
for each image module and searching for visual abnormalities and by checking sample homogeneity using the covariance between individual images. The images with low covariance (−2 standard deviations, n = 4) were visually examined, and none of them had to be excluded. In addition, all normalized 3D images were visually inspected and compared with the template using frontal anatomical landmarks by an expert neurologist (B.G.).
Modulated and normalized GM images were then smoothed using a Gaussian kernel of 8 mm 3 full width at half maximum to enable interindividual comparisons and parametric statistics.
The resulting GM images were used for statistical analyses.
VBM whole-brain statistical analysis
To investigate the relationship between VBM regional grey matter (GM) structural variability and different aspects of categorization, we ran multiple regression analyses in SPM8 between GM volume and behavioral scores. RTs for accurate responses were used for the analyses because of a ceiling effect in accuracy. First, the averaged scores in the Category dimension (same category and different category tasks) and the averaged scores in the Shape dimension (same shape and different shape tasks) were entered separately as covariates in two separate regression models. In a second step, the averaged scores in the Same conditions (same category and same shape tasks) and the averaged scores in the Different conditions (different category and different shape tasks) were entered separately as covariates in separate regression models. Age, gender, and education were co-varied out in all the regression models. Data were also normalized and corrected for individual total GM volume by entering their global values as covariates in the linear model. smoothness of the data was taken into account for cluster-level threshold. Results at p < 0.001 uncorrected for multiple comparisons at the voxel level, with a minimal cluster size of 100 voxels, are reported in the supplementary results for information purposes.
To investigate the relationship between VBM regional white matter (WM) density and different aspects of categorization, we ran multiple regression analyses in SPM8 between WM volume and behavioral scores. We used the same models and covariates as for the GM VBM analyses. Data were also normalized and corrected for individual total WM volume by entering their values as covariates in the linear model. For each regression analysis, we investigated significant results at p < 0.05 using FWE correction at the cluster level with a voxel-level threshold of p < 0.001 uncorrected. Non-stationary smoothness of the data was taken into account for cluster-level threshold. Results at p < 0.001 uncorrected for multiple comparisons at the voxel level, with a minimal cluster size of 100 voxels are reported in the supplementary results.
Connectivity study: image acquisition, preprocessing, and analysis
The functions of brain regions depend on their connectivity with other brain regions.
Therefore, anatomical connectivity of the VBM results was investigated in a connectivity study using diffusion images. We explored the connections terminating in and emerging from the brain regions identified in the WM VBM in 44 out of the 50 participants (22 females; age 22-71 years, mean = 46.5±14.5 years).
Diffusion image acquisition
A total of 70 near-axial slices were acquired during the same MRI session as T1 images. We used an acquisition sequence fully optimized for tractography of DWI that provided isotropic (2 mm × 2 mm × 2 mm) resolution and coverage of the whole head. The acquisition was peripherally gated to the cardiac cycle with an echo time (TE) of 85 ms. We used a repetition 1 1 time (TR) equivalent to 24 RR. At each slice location, six images were acquired with no diffusion gradient applied. Sixty diffusion-weighted images were acquired in which gradient directions were uniformly distributed in space. Diffusion weighting was equal to a b-value of 1500 s/mm 2 .
2.5.2 Diffusion imaging pre-processing.
One supplementary image with no diffusion gradient applied but with reversed phase-encode blips was collected. This step provided us with a pair of images with no diffusion gradient applied and distortions going in opposite directions. From these pairs, the susceptibilityinduced off-resonance field was estimated using a method similar to that described in (Andersson et al. 2003) and corrected on the whole diffusion-weighted dataset using the tool TOPUP as implemented in FSL (Smith et al. 2004) . Finally, at each slice, diffusion-weighted data were simultaneously registered and corrected for subject motion and geometrical distortion, adjusting the gradient accordingly (ExploreDTI http://www.exploredti.com) (Leemans and Jones 2009).
Spherical deconvolution tractography reconstruction:
Spherical deconvolution was chosen to estimate multiple orientations in voxels containing different populations of crossing fibers (Tournier et al. 2004; Anderson 2005) . The damped version of the Richardson-Lucy algorithm for spherical deconvolution (Dell'acqua et al.
2010
) was calculated using an in-house developed software. Algorithm parameters were chosen as previously described (Dell'acqua et al. 2012 ).
Whole-brain tractography was performed by selecting every brain voxel with at least one fiber orientation as a seed voxel. From these voxels and for each fiber, orientation streamlines were propagated using Euler integration with a step size of 1 mm. When entering a region with crossing WM bundles, the algorithm followed the orientation vector of the least curvature (Schmahmann et al. 2007) . Streamlines were halted when a voxel without fiber orientation was reached or when the curvature between two steps exceeded a threshold of 60°. Spherical deconvolution, fiber orientation vector estimation, and tractography were performed using inhouse software developed with Matlab 7.8 (http://www.mathworks.com).
Tractography dissections
The Therefore, the overlap of the visitation maps varies according to inter-subject variability. We inspected tracts reproducible in more than 50% of the participants using a method described previously in (Thiebaut de Schotten et al. 2011) . Tracts resulting from this analysis were visually inspected and identified using an atlas of human brain connections (Thiebaut de Schotten et al. 2011; Rojkova et al. 2015) .
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Behavioral Results
3.1.1. Accuracy (Figure 2a )
The mean error rate was low (mean: 3.2%, all conditions included). Repeated measures twoway ANOVAs revealed no effect of dimension (i.e., Category vs. Shape; F(1,49) = 0.98, p = 0.32) or condition (i.e., Same vs. Different; F(1,49) = 0.47, p = 0.49).
RTs (Figure 2b)
Repeated measures two-way ANOVA revealed a significant effect of dimension (F(1,49) = 18.7, p < 0.001, Shape mean = 1902 ms, Category mean = 2140 ms) and a significant effect of condition (F(1,49) = 12.7, p = 0.001, Same mean = 1965 ms, Different mean = 2077 ms). No significant interaction was found between dimension and condition (F(1, 49) = 0.39, p = 0.53).
Correlations: Age, Gender, and Education
Age was significantly positively correlated with RT in all conditions: same shape (r = 0.50, p < 0.001), different shape (r = 0.55, p <0.001), same category (r = 0.47, p = 0.001), and different category (r = 0.47, p = 0.001). There was no significant gender difference for each task. Education was not correlated with RT in any tasks or with average RT of all tasks pooled together.
GM correlations with RT in the Shape and Category dimensions (Table 1, Figure 3, supplementary figure 1)
Voxel-wise multiple regression analyses of RTs for each task dimension (Shape and Category) were conducted within GM with age, gender, and education as covariates of noninterest.
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At a FWE-corrected threshold, RTs in the Shape and Category dimensions were both negatively correlated with GM volume in the right temporal lobe, i.e., less GM volume was related to slower RTs. RTs in the Category dimension were correlated with the right temporal pole, middle temporal gyrus, and inferior temporal gyrus (BA 20/21/38). RTs in the Shape dimension were correlated with the right middle temporal and inferior temporal gyri (BA 20/21). As Figure 3 shows, RTs in the Category dimension were correlated with a region in the ATL that was more rostral than the region correlated with RTs in the Shape dimension.
No significant positive correlation was observed. At p < 0.001 uncorrected threshold, additional clusters were identified that are described in the supplementary results.
To illustrate this finding, we examined the functional profile of Shape-related (the right posterior ATL region; r-post-ATL, in green on Figure 3 ) and Category-related (the right anterior ATL region; r-ant-ATL, in red on Figure 3 ) regions. GM measures were extracted from each individual pre-processed structural images using FSL software, and averaged across voxels within each of these 2 clusters, excluding the region of overlap between the two clusters. We ran multiple regressions between each region (r-ant-ATL and r-post-ATL) and
Category and Shape RTs. GM volume in each region was entered as the dependent variable in regression models, and performance in both Shape and Category tasks were entered as independent variables, together with age, gender, education and total GM volume. R-ant-ATL volume (F6,43=8.1; p<0.001) was significantly predicted by Category RT (beta: -0.673, p=0.001) but not by Shape RT (beta: -0.020; p=0.927), nor by age, gender, education or total GM volume. R-post-ATL volume (F6,43=4.813; p=0.001) was predicted by Shape RT (beta: -0.598; p=0.016) but not by Category RT (beta:-0.072; p=0.740), nor by age, gender, education, or total GM volume. The plots are provided in Figure 3 .
GM correlations with RTs in the Same and Different conditions (Table 1,
Supplementary Figure 2)
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longitudinal fasciculus (ILF), and commissural fibers encompassing the anterior commissure and corpus callosum (splenium).
Discussion
In this study we performed a voxel-based morphometry study to explore the relationship between semantic and shape categorization tasks and morphometric differences in the brain.
Three findings emerge from our work. Firstly, our results revealed a significant correlation between subjects' performance in terms of RT in all conditions and dimensions, and the volume of the right anterior middle and inferior temporal gyri encompassing the ATL.
Secondly, the semantic (Category) dimension was associated with a more rostral temporal region than the visuoperceptual (Shape) dimension. Finally, WM and connectivity analyses showed a correlation between semantic categorization abilities and WM volume in the right temporal lobe, suggesting the role of the right temporal lobe connections in categorization.
Tractography analysis showed that these connections might run through the AF, IFOF, UF, and ILF.
The right anterior middle and inferior temporal gyri and categorization tasks.
Interindividual variability in RTs in categorization tasks was related to the GM volume in the right lateral temporal regions. Subjects who were faster to categorize drawings had higher GM volume in the right anterior middle and inferior temporal gyri. To our knowledge, this study is the first to show a correlation between categorization abilities and regional GM volume in healthy participants. This result suggests the role of the lateral part of the right ATL in categorization. Our results are consistent with previous studies that showed a correlation Differences between some of the functional imaging studies and our results may have additional explanations. First, in previous functional imaging studies, the authors examined the regions that were similarly activated across subjects during categorization; they did not explore whether regional activity depends on individual capacities. Second, the correlations found in the present study were based on RTs that, in categorization matching tasks, might correlate with different regions in the temporal lobe than accuracy.
Previous functional imaging data showed the involvement of both the right and left lateral and Additional studies will be necessary to determine whether there is an actual hemispheric specialization according to the nature of the stimuli and to test whether verbal categorization performances with verbal stimuli are correlated with morphometry of the left ATL.
We cannot exclude that the right lateralization of the main effects in our study can be due to more structural variability on the right ATL than on the left ATL.
Overall, our results complete previous functional imaging findings by demonstrating the relationship between the ability to categorize and the structure of the anterior temporal cortex.
Specialization within the anterior temporal cortex.
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We showed a rostrocaudal specialization within the temporal lobe: performance in the semantic (Category) tasks was associated with more anterior regions of the middle and inferior right temporal gyri than performance in the perceptual (Shape) tasks ( shape-related area in our study is more anterior than posteroventral temporal cortex that is usually associated with perceptual categorization. Some authors have proposed that modality specific information is processed in relatively specialized parts of the posterior temporal lobe,
whereas the anterior regions are more modality invariant (Visser et al. 2012) or process more abstract/conceptual associations (Bonner and Price 2013). Our findings are consistent with these views, by suggesting a rostrocaudal specialization within the right lateral temporal cortex for processing the Category and Shape dimensions. Whether this specialization relies on a difference in abstraction between these dimensions, or on the semantic nature of the category task, remains to be tested. Alternatively, the domain-dependent specialization of the anterior versus posterior region of the temporolateral region may support verbal versus nonverbal representations, as participants reported a subvocal verbalization of the semantic category in the Category dimension but not in the Shape dimension. In agreement with these data, our results of GM volume relationships at an uncorrected threshold showed a positive correlation between RTs in the Shape dimension and the right IFG (BA 47), and between RTs in the Category 1 dimension and the left inferior and middle frontal gyri (BA 45/46) (see supplementary material). Overall, the correlation of subjects' performances in the Category tasks with a temporal WM region and with the tracts that connect the temporal lobes with the frontal lobe, combined with the correlation of frontal GM volume with categorization tasks, suggest a role of the lateral PFC in these tasks.
Involvement of frontotemporal connections
Limitations:
We could not exclude that variable processing speed may have influenced our results, because our findings were based on RTs and not accuracy. A previous study performed on 367 healthy subjects found a correlation between processing speed as assessed by the part A of the Trail Making Test (REITAN 1955) 
Conclusion:
Our results showed the role of the right ATL in categorization abilities in healthy subjects.
This study suggested a rostrocaudal specialization in the temporolateral cortex according to the nature of the category. Semantic category judgment was associated with more anterior regions than visuoperceptual category judgment. To our knowledge, this is the first study on the cerebral basis of interindividual variability of categorization abilities. The results add to the current knowledge of the cerebral basis of categorization. Captions to Figures   Fig. 1 
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Samples of stimuli
The framed drawing was compared with the two bottom ones according to four possible instructions: Same Shape, Same Category, Different Shape, and Different Category. There was systematically an abstract and/or a shape relationship between the framed drawing and at least one of the two others. In half of the stimuli, one drawing had a similar shape, whereas the other one belonged to the same category as the framed drawing, such as in stimuli a and b.
In stimulus a, the bottom right drawing belonged to the same category as the framed drawing ("fruits"), and the bottom left drawing was of the same shape ("round"). In stimulus b, the bottom right drawing was of the same shape as the framed drawing, and the bottom left belonged to the same category. In the other half, the drawing with the most similar shape belonged to the same category as the framed one, such as in stimuli c and d. Some categories (60%) were taxonomic, such as in stimuli 1 ("fruits") and d ("mammals"), while others (40%)
were thematic, such as in stimuli b and c ("contextual and functional link"). ANOVAs revealed no effect of dimension (i.e., Category vs. Shape) or condition (i.e., Same vs. Different).
b. RTs for Shape, Category, Same, and Different tasks. Repeated measures two-way ANOVA revealed a significant effect of dimension (Shape vs. Category tasks, p < 0.001) and a significant effect of condition (Same vs. Different tasks, p = 0.001). No significant interaction was found between dimension and condition.
Fig. 3
Results from the whole-brain GM VBM analysis according to dimension. p<0.05 after FWE correction.
Significant regions associated with changes in GM volume related to performance in terms of RT are superimposed on a coronal (left) and sagittal (right) view. Additional slices can be found in supplementary figure 1. The whole-brain analyses identified a right anterior temporal region (r-ant-ATL) (in red), in which GM volume was negatively correlated with RT in the Category dimensions (same and different category tasks) and a most posterior ATL region (rpost-ATL) (in green) in which GM volume was negatively correlated with RT in the Shape (same and different shape tasks) dimensions. Shared regions are shown in yellow. Plots between performance and GM measures within these 2 regions are displayed in the partial regression diagrams: X axes represent the residual RT in each experimental dimension, and Y-axes the residual of the mean GM volume within each region. This analysis showed that the r-ant-ATL is significantly associated with Category but not Shape, while the r-post-ATL is significantly associated with Shape but not Category.
Fig. 4
Results from whole-brain WM analysis. p<0.05 after FWE correction.
3 1 a. Significant regions associated with changes in GM volume (red) and WM volume (blue) related to performance in Category tasks are superimposed on a coronal (left) and axial (right) view.
b. The connectome (light blue) represents fibers connecting the right temporal WM region (dark blue) associated with category performance. It includes projection fibers from the right arcuate fasciculus (AF, long segment), inferior fronto-occipital fasciculus (IFOF), uncinate fasciculus (UF), and inferior longitudinal fasciculus (ILF). The axial view is displayed on the left, and the sagittal views are on the right. 
